10/577 

lAP12Rec'(!PCTffTe26 API 



wo 2005/040373 PCT/EP2004/012065 



Immobaizatioa of biocatalyst 

The present invention refers to polyacrylamide beads containing encapsulated cells, to a _ 
process for their preparation and to their use as a biocatalyst. 

5 

Polyacrylamide beads containing encapsulated cells can be used as a biocatalyst for 
various biotransformations depending on the eniymes contained within the cells. For 
example polyacrylamide beads containing encapsulated bacterial cells of a strain of the 
genus Rhodococcus containing a nitrile hydratase can.be used for the transformation of 
10 nitriles to amides. 

• Polyaciylaimde beads containing enzymes have been described by NUsson et al. 
{BioMm. Biophys. Acta 1972, 268, 253-256). A solution of ammonium persulfate 
(025 g; 1.1 mmol) in triethanolamin-HCl buffer (0.05 M, pH 7.0, 0.5 mL) and 
15 JV;i\r,i^'iSr'.tetramethyiethylenediamine (0.5 mL, 0.385 mg, 3.3 mmol) were added to a 
solution (60 mL) of trypsin (60 mg), acrylamide (8.55 g, 120 mmol) and .V.AT'-hiethylene- 
bisacrylamide (0.45 g, 2.9.mmol) in triethanolamin-HCl buffer (0.05 M, pH 7.0). The 
solution was poured into a stirred organic phase (toluene/chloroform 290:110, 400 mL) 
contaiiiing sorbitan sesquioleacSd mL). The polymerization was carried out at 4 °C for 

encapsulation of cells in polyacrylamide beads. 

Mosbach al (US 4,647,536 A) describes the preparation of various bead polymers 
containing encapsulated cells wh^in an animal oil, a vegetable oU, tri-butylphosphate, 

25 Uquid silicone, paraffin oU or phthaiic acid dibutyl ester was used as the water-insoluble 
phase. Polyacrylamide beads containing yeast cells or enzymes were prepared by 
dissolving acrylamide (17.6 g, 248 mmol) and^iV-methylenebisacrylamide (1.2 g, 
8 mmol) in tris-buffer (1 00 mL. 0.05 M, pH 7), mixing 8 mL of this solution with yeast 
ceUs or enzymes (e.g. peroxidase, 10 mg/mL, 2 mL) and ainmonium persulfate (0.4 g/mL. 

30 20 ^L (8 mg, 0.03 mmol)) and dispersing the mixture in soybean oil (40 naL). 

N^^ ;sr'-Tetramethylethylenediamine (100 vL, 77.0 mg. 0.66 mmol) was added when a 
suitable bead size had been reached. 
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• It is an object of the present invention to provide polyacr\'iainide beads containing cells 
and a process for their preparation. 

This object is achieved by the polyacrylamide beads of claim 12 and by the process of 
claim 1, ■ * 

The process of the present invention for the preparation of polyacrylamide beads 
containing encapsulated cells comprises the steps of 

(i) providing an aqueous solution of a mixture of acrylic monomers, 

(ii) providing a suspension of cells in an aqueous solution of a persulfate 

(iii) providing an emulsion of an aqueous solution of a tertiary amine in a water- 
immiscible liquid, which liquid optionally contains a surfactant, 

(iv) mixing the solution provided in step (i) and the suspension provided in step (ii) . 

(v) adding the mixture obtained in step (iv) to the stirred emulsion provided in 
step (iii), and 

(vi) polymeri2dng the mixture of acrylic monomers and simultaneously encapsulating 
the cells to form polyacrylamide beads containing encapsulated cells. 

The process of the present invention is advantageous insofar as the tertiary amine is 
already added to the water-immiscible liquid before the addition of the acrylic monomers, 
the cells and the persulfate. 

The polyacrylamide beads formed by the process of the present invention are of spherical 
or abnost spherical shape. . 

The polyacrylamide beads can have\ size of 0.01 to 5 mm and a mechanical strength of 
at least 10 mN. Preferably, the polyacrylamide beads have a size of 0.05 to 3 mm and a 
mechanical strength of at least 200 mN. More preferably the polyacrylamide beads have a 
size of 0.1 to 1.5 mm and a mechanical strength of at least 300 mN. 

The mechanical strength is measured by applying pressure to a bead which is placed 
between two plates until the bead breaks. 
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■ -ae ceU can be a bactenai ceU, a fungai cell, a yeast cell, a plant ceU or a mannnalian cell. 
Preferably, the ceU is a bacterial ceU, more preferably it is .a cell of a bacterium of the 
groupnocardioformActinomycetesorofabacterimnoftheianulyEnterobacto^^ 

Even more preferably the cell is a cell of a bacterium of the genera Rhcdococcus or 
£.c/.encHa. and most preferably it IS a ceU of abacterium of the gen^ 

Examples of bacteria are gram-positive bacteria such as bacteria of the genera Bacz//«., 
Acetobactenum,Actinomyces,Arthrobacter, Ccrynebactenum, Oordona, Nocardu., 
mdococcus or Amycolatopsis, and gram-negative bacteria sucb as bacteria of the genera 
: Acetobacter,Asrobaaenurn,AlcalisenesXorn^^^ 

RHt:obium.Citrobacter,Enterobacter,Escherickia Klebsiella. 

Examples of bacteria of the group nocardiofonn Actinomycetes are bacteria of the genera 
■Gordoru,Nocariia,mrodococa.^^Arnycolatop^^^^ 
5 Ente«,-oacteriaceaearebacteriaofthegeneraQ.o.ac^ 

Klebsiella. 

The ceUs can be cultivated by methods Imown in the art. 



20 



otoomos™. « can be ™rfom>=<i Witt a plasmid tt^e geae «>co<tog tte 

enzyme of interest 

Ifihebac«rialc.llsc»ntateg«.= =ncocimgteeD^eofinter=stoi.te 

„ chromosome, and toeozymcis aci»boUc enzyme, *e bacterial cel. canbe c^.va»d 
m*ep«se:«eofasui«ble .=.y»emdu=.;For example, ceysofas^oftog^^^^ 

j,»,,,i»:^canbccU«va«dmttepre«nceofam«^ 

,^0. of a nitile hydraUse, Examples of suitable mducers for a m«le bydra^se o. a 
«;,moflbegeausi!W«XK»»a,eme.b.c,ylamide,ctoto,^dean^ 



30 



If the bacterial cells are transformed with a plasmid containing the gene encoomg the 
enzyme of interest, and this gene is under the control of an inducible promoter, the 
transcrintion of the gene encoding the enz>ane of interest can be induced at a suitable 
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point of time during the cultivation. Examples of inducible promoters are the trp, the lac, 
the tac, the arabinose and the rhamnose promoter. The induction depends on the promoter 
employed. For example, the rhamnose promoter can be induced by addition of 
L-ifaamnose. 

After cultivation, the cells containing the enzyme of interest can be separated from the 
fermentation broth. Preferably the cells stored in an appropriate buffer below 5 ^'C. 

The mixture of acrylic monomers can consist of at least pne monofimctional and at least 
one bifunctional acrylic monomer. 

A monofimctional acrylic monomer can be a monomer of the formula 

00 




wherein 

R' is H or methyl, 

R^ is selected from the groijp consisting of MH2, NHR-\ N(R^)2, ]SIH-(CK2)„-N(R')2 and 

0-{CH2)„-N(R^)2 
R^ at each occurrence is CM-alkyl, and 
n is an integer from 1 to 4. 

Exan^Ies of monofimctional acrylic monomers are acrylainide (R' = H, R^ =NH2), 
•methacrylamide (R' = methyl, R^ =NH2), iV-alkylacrylamides (R' = H, R^ = NHR\ 
R^ = CM-aDcjd) such as 7»/-ethylacrylamide (R" = ethyl), iV-isopropylacrylamide (B? = 
isopropyl) orN-ferr-butylacrylamide (B? = tert-hvtyl), iV-alkyhnethacrylamides (R' = 
methyl, R^ = NHR^ Bf = CM-alkyl) such as iV-ethylmethacrylamide (R^ = ethyl) or 
i^-isopropyhnethacrylamide (R^.= isopropyl), A/;Ar-diaIkylacfylaniides (R^ = H, R^ = 
N(R')2, R^ = Cw-alkyl) such as MiV-dimethylaciylamide (B? = methyl) and iV;7sf-diethyl- 
araylamide (B? = ethyl), Ar-[(dia]kylamino)alkyl]acryla3nides (R' = H, R^ = 
NH-(CH2)„-NH(R')2, B? = C^-alkyl) such as ^■-[3-(dimethyla^lino)propyl]acryla^lide 
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= 3 r2 = methyl) or iV-[3-(ciiethylamino)propyl]acrylamide (n = 3, = ethyl), 
i\^4(dialkylamino)alkyl]methacrylaniides (R' = methyl, R^ = NH-(CH2)n-?JH(R h, = 
C w-alkyl) such as iY-[3-(dimethylamino)propyl]methacryiainide (R.^ = methyl) or 
iV-[3-(diethylainino)propyl]methacrylamide (B? = ethyl), (dialkylainino)a]kyl acrylates 
(R' = H. R' = 0-{CH2)„-NH(R')2, R' = CM-alkyl) such as 2-(dimethylamino)ethyl 
acrylate (n = 2. R' = methyl), 2-(dimethylammo)propyl acrylate (n = 3, R' = methyl) or 
. 2-(diethylamiiio)ethyl acrylates (n = 2, R^ = ethyl) and (dialkylamirao)alkyl methacrylates 
(R> = methyl. R' = 0-(CH2)„-NE(R^)2. = GM-alkyl) such as 2-(dimethylamino)ethyl 
methacrylate (n = 2. R^ = methyl). 

AT-Alkylacrylamides, jV-alkyhnethacryamides, iV,i^-dialkylacrylamides, N,N-^3lkyl- 
mefliacrylamides, iV-[(dialkylammo)alkyl]acrylamides, iV-[(dialkyIaiiiiBo)- 
alkyl]methacrylamides. (diaikylammo)alkyl acrylates and (dialkylaiiiiiio)alkyl acrylates 
can be prepared by methods kno^n in the art, for example by reacting acryloyl chloride. 
, methyl acrylate, methacryloyl chloride or methyl methacrylate with the respective 
alkylamine, dialkylamine or (dialkylamino)alkylamine or (dialkylaiiuiio)alcohoL 

Bifunctional acryUc monomers can be monomers of the formula 



20 



.1 



0 0 




wherein 

is H or methyl 
.X-is-(CH2V or-{CH-OK).- 
25 fi is an integer firom 1 to 4 



Examples of bifunctional acryUc monomers are Mi^'-methylenebisacrylamide (R* - H. 
-X- = -(CHo)„-, n =1), ;V,A^'-methylenebismethacrylamide (R' = methyl, -X- = (CKs),,, 
„ =1), ^;A^•' Jthylenebisacrylamide (R'" = H. -X- = -(CH:)„-, n =2). W-ethylenebis- 
30 methacrylamide (R* = methyl, -X- = -(CH^)^-. n =2), MA^'-propylenebisacrylamide 
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(R^ = K, -X- = -{CH2)„-, n =3) and Ar,iV'Hl.-2-dihydroxyethylene)bisacrylaimde (R' = H, 
>X. = -(CH-0H)«-,n=2) 

Biiunctional acrylic monomers can be prepared by methods known in the art, for example 
5 ' bifunctional acrylic monomers where -X- is -(CH2)n- can be prepared by reacting acryloyl 
chloride, methyl acrylate, methacryloyl chloride ot methyl methacrylate with the 
respective diamine. 

Preferably, the bifunctional acrylic monomer is selected from the group consisting of 
10 7/,Ar -methyienebisacrylamide, iV;iV -methylenebismethaciylamide and NJi'-(l,2-di' 
hydrcxyethylene)bisacrylamide, and the monofimctional monomer is selected firom the 
group consisting of acrylamide, methacrylamide, JV^iV-diaDcylacrylamides, JV-[(diajkyl- 
. amino)a]kyl]methacryiamides, (diaIkylamino)alkyl acrylafces and (dialkylamino)aikyl 
methacrylates. 

15 

More preferably, fee bifunctional acrylic monomer is iV^A^'-methylenebisacrylamide, and 
the monofimctional monomer is selected from the group consisting of acrylamide, . 
iV;A''-dimeQiylacrylamide, 7^-[3-(dimethylanuno)propyl]methacrylamide and 
2-(dimethylainino)ethyl methacrylate, 

20 

The persulfate can be any water-soluble persulfate. Examples of water solu"ble persulfates 
are ammonium persulfate and alkali metal persulfates. Examples of alkali metals are 
lithium, sodium and potassium. Preferably, the persulfate is ammonium persulfate or 
potassium persul£ate, more preferably, it is ammonium persulfate. 
25 t 

The tertiary amine can be any water-soluble" tertiary amine. Preferably, the tertiary amine . 
is M//,Ar',A/' -tetramethylethylenediamine or 3-(dimethylaniino)propionitrile, more 
. preferably it is AyV,jV',//Vtetramethylethylenediamine, 

30 The water-immiscible liquid can be any water-immiscible material that is liquid at the 
. temperature of polymerization. Examples of water-immiscible liquids are mineral oils, 
vegetable oils and synthetic oils. Examples of mineral oils are toluene, xylene, 
dearomatized hydrocarbon mixtures such as Exxsol DlOO and isoparaSne mixtures such 
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as Isopar M. Examples of vegetable oils are sunflower oil, olive oil, peanut oil, almond 
oil, safflower oil, soybean oil and com oil. An example of a synthetic oil is siUcone oil. 

Preferably the water-immiscible Uquid is a mineral oil. More preferably, it is a saturated 
hydrocarbon or a mixture tof. Most preferably it is a dearomatized hydrocarbon 
mixture or an isoparaflan mixture. 

The water-immiscibie Uquid can optionally contain^ surfactant. The surfactant can be 
any suitable surfactant. Examples of suitable surfactants are nonionic surfactants such as 
soibitan fetty acid esters, polyethyleneglycol fatty acid esters, ethyleneglycol fatty acid . 
esters or glycerol &tty acid esters and cationic surfactants such as tetraalkyl ammonium 
' salts, wherein at least one of the alkyls has at least 8 carbon atoms. Examples of fatty 
zdds are oleic acid or stearic acid. Examples of alkyl are ethyl, propyl and butyl. 
Examples of alkyls having at least 8 carbons are octyl, nonyl and decyl. 



15 
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■me ratio of surfectant/oil can be up to 0.10:1 (w/w). Preferably, no surfactant is used. 

An aqueous solution of a.mixture of acryUc monomers. can be provided by dissolving the 
acryUc monomers in water or a buffer. A suspension of cells in an aqueous solution of a 
.persulfete can be provided by mixing a solution of a persulfate in water or a buffer wita a 
suspension of the cells in water or a buffer. Preferably the acryUc monomers are dissolved 
in and the cells are suspended in a buffer, and the pH is adjusted to a pH within the range 
from 5 to 1 0 which is fevored by the enzyme of interest. For example a pH withm the 
. iangefrom6to8isfevoredbyanitiilehydratasefromastrainofthegenus 

25 . Rhodococcus. 

An emulsion of an aqueous solution of a tertiary amine in a water-immiscible Uquid can 
be provided by emulsifyingasolutionofatertiary amine in water orabuffer in the water- 

immiscible liquid. 



30 



Preferably, the aqueous solution of a mixture of acryUc monomers, the suspension of ceUs 
in an aqueous solution of a persulfate and the emulsion of an aqueous solution of a 
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tertiary amine in the water-immiscible liquid, which liquid optionally contains a 
surfactant, are deoxygenated, e.g. by purging with nitrogen. 

The aqueous solution of a mixture of acryiic monomers and the suspension of cells in an 
5 aqueous solution of a persulfate are mixed and immediately dropped into the stirred 
emulsion of an aqueous solution of a tertiary amine in the water-immiscible liquid. 
Examples of suitable stirrers are three or four pitch bladed. turbine stirrers, propeller 
sthrers or visco-jet® stirrers. Preferably, a visco-jet® stirrer is used. Preferably, the 
polymerization is carried out at 5 to 35 °C. More preferably it is carried out at 15 to 
10 25 °C, and niost preferably it is carried out at 18 to 22 **C. 

Following ratios are preferably applied for the polymrazadon step: 

Preferably ratio of the mixture of acrylic monomers/water is 0.05:1 to 0.5:1 (w/w). More 
15 preferably it is 0.1:1 to 0.3:1 (w/w). Most preferably it is 0.2:1 to 0.28:1 (w/w). 

Preferably the ratio of bifimctional acrylic monomers/monofunctional acrylic monomers 
is 0.001 : 1 to 0.8: 1 (mol/mol). More preferably it is 0.01 : 1 to 0.08:1" (mol/mol). Most 
preferably it is 0.03:1 to 0.06:1 (mol/mol). 

20 

Preferably ratio of dry cells/mixture of acrylic monomers is 0.001 : 1 to 1 : 1 (w/w). More 
preferably it is 0.2:1 to 0.9:1. Even more preferably it is 0,4 to 0.8:1 ("w/w). Most 
preferably it is 0.5 : 1 to 0.7: 1 (w/w). 

25 Preferably the ratio of persulfate/ipixture of acryUc monomers is O.OOOl : 1 to 0.1 : 1 

* (moympl). Morepreferably it is 0.001:1 to 0.05:1 (mol/mol). Most preferably it is 0.002:1 
to 0.03:1 (mol/mol); 



Preferably ratio of tertiary amine/persulfate is 0.2:1 to 50:1 (mol/mol). Preferably it is 
30 0.8:1 to 10:1 (mol/mol). Mostpreferably it is 1:1 to 5:1 (mol/mol). 
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Preferably ratio of oil/water is 1.2:1 to 10:1 (w/w). More preferably it is 1.3:1 to 7:1 
(w/w). Even more preferably it is 1.4:1 to 5:1 (w/w). Most preferably it is 1.5:1 to 4:1 
(w/w). 

5 ■ Preferably, the polyacrylamide beads obtained after the polymerization are separated, for 
example by decantation or filtration. The separated beads can be washed with water or an 
• aqueous solution to remove traces of the water-immiscible liquid, and can be stored in an 
appropriate buffer. 

10 Also part of the invention are polyacrylamide beads containing enc^sulated cells 

obtainable by the process of the present invention. Preferably, the encapsulated cells are 
cells of a strain of the genus Rhodococcus containing a nitrile hydratase. 

Another part of the invention is the use of above polyacrylamide beads containing 
15 enc^sulated cells as a biocatalyst for tiie transformation of a substrate to a product 
Preferably, the substrate is a nitrUe and the product is the corresponding amide. More 
preferably the substrate is 3-cyanopyiidine and the product is nicotinamide. 

Examples of nifriles are cyanamide, cyanoacetic acid, malonodinitrile, cyanoacetic acid 
..20 methyl ester,- acrylonitrile. butyronitnle, valeronitiile, crotononitiiie, methacrylonitiile, 
2-cyanopyridine, 3-cyanopyridine. 4-cyanopyndine, benzonitirile, S-chlorobenzonitrile, 
4-chlorobenzomtrile, pyrazinecarbonitrile, pyrazine-2.3.dicarbonitriie, 2-fiiromtrile, 
thiophene-2-carbonitrile, pivalonitrile and cyclopropanecaiboiiitrile. 

25 Thetransfoimationcaabecaniedoutasabatehreactionor 3S acontirmousreaction. 
Preferably, the reaction is canied out in a suitable buffer at z temperature from 10 to 
•35 "C. 

Figure 1 shows the concentration of nicotinamide in the reaction mixture in dependency 
30 on the time during a continuous reaction of 3-cyanopyridine to nicotinamide. 



Figure 2 shows flie concentration of 3-cyanopyridine in the reaction mixture in 
dependency on the time during a continuous reaction of 3-cyaiiopyridine to mcotinami( 
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Figure.3 shows the conversion of S-cyanopjiidine to nicotinamide in dependency on the 
time during a continuous reaction of 3-cyanopyridine to nicotinamide. 



5 Example 1 

Cultivation of a strain of the genus iJAorfococcuy 

1.1. Prqjaration of a preculture 

A sterile medium (200 toL, pH 7.0) containing 1.25% (w/w) yeast extract, 0 .05% (w/w) 
10 .MgSO^ - 7 H2O, 0.003% (w/w) C0CI2 • 6 H2O, 0.5% (w/w) sodium citrate, 0.75% (w/w) 
• methacrylamide and 0!2% (w/w) KH2PO4 was inoculated with an agar plate culture of a 
strain of the genus Rhodococcus. The preculture was cultivated in an Erleiuneyer flask 
(500 mL) at 28 °C and 120 ipm for 48 h. 

15 1.2. Preparation of a culture 

A sterile medium (12 L, pH 7.0) containing 1.25% (w/w) yeast extract, 0.05 % (w/w) 
MgS04 • 7 H20, 0.003% (w/w) C0CI2 • 6 H2O, 0.5% (w/w) sodium citrate, 0.75% (w/w) 
methacrylamide and 0.2% (w/w) KHPO4 was inoculated with a preculture (200 mL) of 
ttie strain of the genus Rhodococcus obtained as described in example 1.1. The culture 

20 was cultivated in a fermenter (12 L) at 28 pH 7.0, dissolved oxygen concentration 
>40% (in respect to the dissolved oxygen concentration at 1 volume air/(volxime 
fermentation broth x min), 28 ''Q and 300-400 rpm for 48 h. The cells were harvested by 
centiifugation, washed with phosphate buffer (50 mM, pH 7.0), concentrated to a 
concentration of dry cells of 15-20% (w/w) and stored at -40 ""C. 

25 

Example 2 

Nitrile hydratase activitj' assay of a strain of the genus Rhodococcus 

30 Polyacrylamide beads. containing encapsulated cells of a strain of the genus jRhodococcus . 
(0.2 g wet weight) were added to a solution of 3-cyanopYridine (L59 g) in pliosphate 
puffer (0.05 M, pH 7.0, 30 mL) at 25°C. Samples (1000 ul) were talcen after 5 and 15 
minutes. These samples were immediately mixed with 20 ul of H2SO4 (4S Yo (w/w)); 
diluted 100 times" by volume with a mixture of methanol/water = 40:60 (v/v) , filtered 
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(0.2 um pore size) and analyzed by HPLC (column: C8 reverse phase, flow rate: 
1 ml'Jmm, mobile phase: methanol/water = 40:60 (v/v)), wavelength: 210 mn, 25 °C). 
Dry polyacrylamide beads were obtained after drying the wet biocaialyst at 55 °C and 
20mbarfor4b. • . 



Example 3 

Encapsulation of cells of a strain of the genus Khodococcus in polyacrylamide beads 

10 Acrylamide (42.25 g, 594 mmol), 7\/;i^-methylenebisacryiainide (3.75 g, 24 nunol) and 
2-(dimethylamino)ethyl methacrylate (1.5 g, 9 mmol) were dissolved in phosphate buffer 
(37.5 g, 50 mM, pH 7.0) and the pH of the solution was adjusted to 7.0. A solution of 
ammonium persulfate (0.465 g, 2 mmol) in distilled water (5 g) was added to a 
suspension of cells of a strain of the genus Rhodococcus (20% (w/w) dry cells, 165 g) 
15 obtained as described in example 1. A solution of TV^,?/,;^',;^^ -tetramethylethylenediamine 
(0.232 g, 2 mmol) in distilled water (5 g) was dispersed in minerd oil (Exxsol DIDO, 
350 g) in a reactor (1 L) at 350 rpm. The monomer solution, the cell suspeosioxi and the 
oil were separately purged with nitrogen for 15 min. The monomer solution (flow rate: 
2.5 g/min) and the ceD suspension (flow rate: 5 g/min) were separately pumped in a 
20 2.5 mL mixing flask. The resulting mixture was immediately dropped in the stirred 

(350 rpm, visco-jet® stirrer) oil at 20 °C. After complete addition the reaction mixture was 
; stirred for fiirther 3.5 h at 20 °C. The obtained polyacrylamide beads containing 
encapsulated cells of a strain of the genus Rhodococcus were separated by filtration, 
washed with distilled water and allowed to swell in water. The polyacrylairdde beads 
25 were stored in twice the amount by volume of a storage buffer (3.55 g/L sodium sulfate, 
p.25% (w/w) dehydroacetic acid, sodium salt, 0.05% (w/w) nicotinamide, pH .7.0) at 4 °C. 
The swollen beads were of regular spherical shape with a size of 200 um to 1200 ^lm and 
a mechanical stiragth of >300 mN. The ratio of dry polyacrylamide beads/wet ' 
polyacrylamide beads was 0,11:1 (w/w). The specific activity was 9.5 pmol nicotin- 
30 amide/(inin ^ mg dry polyacrylamide beads). 
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Exiample 4 

Conversion of 3-cyanopyridme to nicotinamide, batch reaction 

Polyacrylamide beads containing encapsulated cells of a strain of the genus Rhadococcus 
5 (100 g wet weight), obtained as described in example 3 were added to a gently stirred 

solution of S-cyanopNTidine (40 g, 3.8 mol) in phosphate buffer (0.05 M, pH 7. 0,-400 mL) 
at 25®C. After 15 min 99% of S-^yanopyridine was converted to nicotinamide, after 
30 min 99% of 3-cyanopyridine was converted to nicotinamide. 

10 

Examples 

Conversion of 3-c)^opyTidine to nicotinamide, continuous reaction 

Polyacrylamide beads containing cells of a strain of the genus Rhodococais (lOO g wet 
15 weight) obtained as described in example 3 were added to a solution of 3-cyanopyridine. 
(40 g, 3.8 mol) in phosphate buiffer (0.05 M, pH 7.0, 400 mL) at 25 °C. A solution of 
3-cyaiipyridine (10% (w/w)) in phosphate buJEFer (0.05 M, pH 7.0) was continuously 
added to the gently stirred reaction mixture, and reaction mixture (without I 
polyacrylamide beads) was continuously removed..The continuous conversion .^as 
20 performed with a retention time of 3.1 h for 5 weeks at 25 °C. No abrasion of ttie beads 
was observed after 5 weeks. The concentrations of 3-cyanopyridine and nicotinamide 
were determined (see Figures 1 and 2) and the conversion calculated (see Fig. 3). 

25 Example 6 

Encapsulation of cells of a strain of the genus Rhodococcus in polyacryamide beads 

V • • • 

Acrylamide (422.5 g, 5940 mmol), .V,A^-methylenebisacrylamide (37.5 g, 240 iamol) and 
2-(dnnethylamino)ethyl methacrylate (15 g, 90 mmol) were dissolved in phospliate buffer 

30 (375 g, 50 mM, pH 7.0) and the pH of the solution was adjusted to 7.0. A solution of 
ammonimn persulfats (4.65 g, 20 mmol) in distilled water (25 g) was added to a 
suspension of cells of a strain of the genus Rhodococcus (16% (w/w) dr\' cells, 1650 g) 
"obtained as described in example 1. A solution of A'//,A^',Af''4etramethyiethylenedi"amine 
(2.32 g, 20 nunol) in distilled water (25 g) was dispersed in mineral oil (Exxsol DlOO, 

35 3500 g) in a reactor (10 L). The monomer solution, the cell suspension and the oil were 
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separately purged with nitrogen for 15 min. The monomer solution (flow rate: 13.5 g/min) 
and the ceU suspension (flow rate: 27 g/min) were separately pumped in a common 
tubing. Hie resulting mixture was pumped in the stirred (215 ipm, visco-jet® stirrer) oU at 
20 "C. After complete addition the reaction mixture was stirred for.furtiier 3.5 h at 20 "C. 

"5 The obtained polyacrylamide beads containing encapsulated cells of a strain of the genus 
Rhodococcus were separated, washed and stored as described in example 3. The swollen 
.. beads were of regular spherical shape, with a size of 200 m to 1200 pm and a 
mechanical strength of >400 mN. The ratio dry polyacrylamde beads/wet polyacrylamide 
beads was 0.09:1 (w/w). The specific activity was 7.3 pmolnicotinamide/(miii ^ mg dry 

10 polyacrylamide beads). 



Example? 

Storage stability of polyacrylamide beads containing encapsulated cells of a strain of the 
15 gtxcQS Rhodococcus 

Polyacrylamide beads containing encapsulated cells of a strain of the genus Bhodococcus 
obtained as described in example 5 were stored in an aqueous storage solution (3.55 g/L 
. sodium sulfate, 0.25% (w/w) sodium dehydroacetic acid, sodium salt, 0.05% (w/w) 

20 nicotinamide, pH 7.0) at 4 °C for 50 weeks. Samples were taken every fifth week. The 
polyacrylamide beads were separated, washed with distilled water, and suspended in fresh 
storage'solution (3.55.g/L sodium sulfate, 0.25% (w/w) dehydroacetic acid, sodium salt, 
0.05% (w/w) nicotinamide, pH 7.0) at 25 =C for 1 h. The nitrUe hydiatase activity was 
determined as described in example 2. The ratio of dry polyacrylamide beads/wet 

25 polyacrylamide beads were deteimined. Dry polyacrylamide beads were obtained after 
drying the wet polyacrylamide beads at 55 "C and 20 mbar for 4 h. 
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Table 1: storage stability of polyacrylamide beads containing cells of the genus 
Rhodococcus 



week 


dry polyacrylamide beads/ 
wet polyacrylamide beads 
(w/w) 


Specific activity 
[pmol nicotinamide/(niin x mg 
dry polyacrylamide beads)] 


0 


0.09 


7.3 


5 


0.09 


7.3 


10 


0.09 


7.0 ■■' 


1 


0.09 


6.5 


50 


0.08 


6.0 



Example 8 

Encapsulation of cells of a strain of the genus Rhodococcus in polyacrylamide beads 

The encapsulation was-perfonned in analogy to the encapsulation described iii example 3, 
except that a solution of ammonium persulfate (1.86 g, 8 mmol) in distilled water (7.0 g) 
and a solution of 7/^^'^ -tetramethylefliylenediamine (0.928 g, 8 mmol) in distilled 
water (5 g) were employed. The obtained polyacrylamide beads containing encapsulated 
cells of a strain of the genus Rhodococcus wctc separated, washed and stored as described 
in exanqjle 3. The swollen beads were of regblair spherical shape, with a size of 250 \xm to 
1300 um and a mechanical strength of >400 mN. The swelling ratio of diy poly- 
acrylamide beads/wet polyacrylamide beads was 0.12:1 (w/w). The specific activity was 
7,8 jimol nicotinamide/(min >: mg polyacrylamide beads). 

Example 9 

Encapsulation of cells of a strain of &e genus Rhodococcus in polyacrylamide beads 

The encapsulation was performed in analogy to the encapsulation described in example 3, 
except that a suspension of cells of a strain of the genus Rhodococcus (16%* (w/w) dry 
cells) was employed, and the polymerization was performed at 10 °C for 9 h. The 
obtained polyacrylamide beads containing encapsulated cells of a strain of the genus 
Rhodococcus were separated, washed and stored as described in example 3. The swollen 
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beads were of regular spherical shape, with a diameter &om 250 nm to 1300 urn aad a 
mechanical strength of >400 mN. Tht ratio of dry polyacrylamide beads/wet poly- 
acrylamide beads was 0.09:1.00 (w/w). The specific activity was 7.3 Mmol nicotin.- 
amide/'(miri x mg dry polyacrylamide beads). 



Example 10 

Encapsulation of cells of a strain of the genus Rhodococcus in polyacrylamide beads 

10 A^^-Dimethylacrylamide (42.25 g, 426 mmol),i^.W-methylenebisacrylamide (3.75 g. 
24 mmol) and 2-(dimethylamino)ethyl methacrylate (1.5 g, 9 mmol) were dissolved in 
phosphate buffer (37.5 g, 50 mM, pH 7.0) and die pH of the solution was adjusted to 7.0. 
A solution of ammonium persulfate (1.86 g, 8 mmol) in distiUed water (7 g) was added to 
a suspension of cells of a strain of the genus Rhodococcus (18% (w/w) dry cells, 1 65 g) 

.15 prepared as described in example 1. A solution of i^^^^'^'-tetramethylethylenediamine 
(0.928 g, 8 mmol) in distilled water (7 g) was dispersed in mineral oil (Exxsol DlpO, 
350 g) in a reactor (1 L). The monomer solution, the cell suspension and the oil were 
sepa^telypurgedwithnitrogenfor 15min.Tliemonomersolution(fiowrate:2.5 g/min) 

and the cell suspension (flov. rate: 5 g/min) were separately pumped in a 2.5 mL mixing 
20 flask. TTie resulting mixture was immediately dropped in the stirred (350 rpm, visco-jet® 
stirrer) oil at 20 "C. After conq)lete addition the reaction mixture was stirred for further 
3.5 h at 20 °C. Tie obtained polyacrylamide beads containing encapsulated ceUs of a 
strain of the genus Rhodococcus were separated by filtration, washed and stored as 
described in example 3. The swollen beads were of regular spherical shape with a size of 
25 200 pm to 700 um and a mechanical strength of >400 mN. Hie ratio of dry polyacryl- 
amide beads/wet polyacrylamide beads was 0.21:1 (w/w). The specific activity was 
5.4 pmol nicotinamide/(min x mg dry polyacrylamide beads). 



30 Example 11- 

Encapsulation of cells of a strain of the genus Rhodococcus in polyacrylamide beads 

The encapsulation was performed in analog>' to the encapsulation described in example 
10, except that acr>'iamide (42.25 g, 594 mmol) instead of iV.Y-dimethylacrylamide 
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(42.25 g, 426 mmol) and^-[3-(dimethyiaimno)propylimethaciylaird (1.5 g, 9 mmol) 
instead of 2-(diineihylamino)ethyl methacrylate (1.5 g, 9 mmol) were employed. Tlie 
obtained polyacrylamide beads containing encapsulated cells of a strain of the genus 
Rhodococcus were separated, washed and stored as described in exarnple 3. The swollen 
5 beads were of regiilar spherical shape with a size of 150 tun to 1200 |ain and a mechanical 
strength of >400 inN. The ratio of dry polyacrylamide beads/wet polyacrylamide beads 
was 0.13:1 (w/w). The specific activity was 5.9 timol nicotinamide/(nain x mg dry 
polyacrylamide beads). 

10 

Example 12 

Cultivation of a strain of the species Escherichia coli containing aplasmid having a gene 
OTCoding for an amidase under the transcriptional control of the rfiamnose promoter. 

15 12.1. Preparation of a pre-precnlture 

A sterile medium (5 mL, pH 7.0) containing 1 .6% (w/w) tryptone, 1 .0% (w/w) yeast 
extract, 0.5% (w/w) NaCl and 0.01% (w/w) ampiciUin was inoculated with a agar plate 
culture of a strain of the species Escherichia coli containing a plasmid having a gene 
encoding for an amidase under the transcriptional control of the rhamnose promoter. The 

20 pre-preculture was cultivated at 3TC for 12 h on a shaker. 

12.2. Preparation of a preculture 

The sterile medium described in example 12.1 (100 mL) was inoculated with 5 mL of a 
pre-preculture of the strain of the species Escherichia coli obtained\as described in 
25 example 12.1. The preculture was cultivated at 37 ''C on a shaker. At OD6oo*0.25, 

0.2% (w/w) L-ihamnose was added to the culture. At ODm 5, the cells were harvested by. • 
centrifiigation, washed twice with buffer (1.80 g/L ethylenediaminetetraacetic acid, 
2.65 g/L disodium salt/sodium acetate buffer,- pH 7.0) and resuspended in the same buffer 
to a dry cell concentration of 15-20% (w/w). The cell suspension was stored at -40°C. 

30 
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Example 13 
Amidase Assay , 

Polyacrylamide beads containing encapsulated cells of a strain of the genus Escherichia 
containing an amidase (0.4 g wet weight) were added to.a stirred solution of 2-hydroxy- 
2-methyl-3,3,3-triiluoropropionamide (1.0 g) in phosphate puffer (0.1 M, pH 8.0, 9 mL) 
at 37°C. Samples (200 ul) were taken after 0, 30 and 60 minutes. The molar arnount of 
formed ammonia was measured.. The molar amount of formed ammonia equals the molar 
amount of formed 2-hydroxy-2-methyl-3,3,3-trifluoropropionic acid. 



10 



Example 14 

Encapsulation of strain of the species Escherichia coli containing a plasmid ha.-ving a gene 
encoding for an amidase under the transcriptional control of the rhamnose pronaoter in 
15 polyacrylamide beads 

The enc^sulation was performed in analogy to flie encapsulation described in. example 3, 
except that a suspension of cells of a strain of the species Escherichia coli (19?^ (w/w) 
dry cells) obtained as described in example 12, a solutioh of ammonium persulfite (1.86 

20 g. 8 mmol) in distilled water (7.0 g) and a solution of ^^,Ar^',A^'-tetiamethyle±iylene. 

diamine (0.928 g, 8 mmol) in distilled water (5 g) were employed, and the polymerization 
was performed at 400 rpm (visco-jet® stirrer). The obtained polyacrylamide beads ■ 
containing encapsulated ceUs of a strain of the sgsac& Escherichia coli were separated 
and washed as described in example 3 and stored m phosphate buffer (0.1 M, pH 7.0) at 

25 4 °C. The swoUen beads were of irregular spherical shape, with a size of 20O (un to 
2000 urn and a mechanical strength of >200 mN. The ratio of dry polyacrylamide. 
beads/wetpolyacrylamidebeads was 0.21:1 (w/w). The specific activity was 0.029 
■2-hydroxy-2-methyl-3,3,3-trifluoropropionamide/(min x mg dry polyacrylamide beads). 



30 
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Example 15 

Conversion of 2-hydroxy-2-methyl-3,3,3-tiifluoropropionainide to 2-hydroxy-2-methyl- 
3,3,3-trifluoropropioiiic acid, batch reaction 

5' Polyacrylamide beads containing.ceUs of a strain of the species Esc/zOTcAzacp^^ . 
containing a plasmid having a gene encoding for an amidase obtained as described in 
example 14 (0.4 g wet weight) were added to a solution of 2-hyd^oxy-2-^lethy^3,3,3-tri- 
fluoropropionamide (1.0 g, 6.366 mmol) in phosphate bxiffer (0,1 M, pH 8.0, 10*mL).at 
. 37 °C for 1 h. 2-Hydroxy-2-methyl-3,3,3-triflaoropropicnic acid (2%) was formed. . 

10 

Example 16 

Encapsulation of a strain of the species Escherichia coli containing a plasmid having a 
gene encoding for an amidase under the transcriptional control of the rhanmose promoter 
15 in polyacrylamide beads 

Acrylamide (21.13 g, 297 mmol), iV;iSr-methylenebisacrylamide (1.88 g, 12*mmol) and 
2-(dimethylamino)ethyl methacrylate (0.75 g, 4.8 mmol) were dissolved in phosphate 
buffer (1 8.75 g, 50 mM, pH 7.0) and the pH of the solution was adjusted'to- 7.0. A- 

20 solution of ammonium persulfate (0.93 g, 4 mmol) in distilled water (2.5 g) was added to 
a suspension of cells of a strain of the species Escherichia coli (19% (w/w) dr>' cells," 
82.5 g) obtained as described in example 12. A solution of TV^^^'JV -tetramethyl- 
ethylenediamine (0.928 g, 8 mmol) in distilled water (5 g) was dispersed in mineral oil 
(Isopar M, 350 g) in a reactor (1 L) at 450 rpm. The monomer solution, the cell 

25 suspension and the oil phase were separately purged with nitrogen for 1 5 min. The 

monomer solution (flow rate: 2.5 g/min) and the cell suspension (flow rate: 5 g/min) werf 
; separately pumped in a 2.5 mL mixing flask. The resulting mixture was immediately 
dropped in the stirred (450 rpm. visco-jet® stirrer) oil at 20 °C. After complete addition 
the reaction mixture was stirred for further 3.75 h at 20 °C. The obtained polyacrylamide 

30 beads containing encapsulated cells of a strain of the species, Escherichia coli were 
. separated and washed as described in example 3, and stored in phosphate buffer (O.I M, 
pK 7,0) at '4 °C. The swollen beads were of irregular spherical' shape wth size of 1000 
fim to 2000 |im and a mechanical strength of >200 raN. The ratio of dry polyacrylamide 
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beadsMet polyacrylamide beads was 0.25:1.00 (w/w). The specific activity was 0.016 
^mol mcotinaimde/(miii x mg dry polyacrylamide beads). 



5 Example 17 . 

Use of the polyacrylamide beads contaimng encapsulated cells of the genus iWioflbcoccus 
containing a nitrile hydratase as a biocatalyst for the conversion of nitiiles to amides 

Polyacrylamide beads containing enc^sulaled cells of the genus Rhodpcoccus obtained 
10 as described in example 7 (25 g wet weight) were added to a gently stiired solution of a 
nitrile in phosphate buffer (0.05 M, pH 7. 100 mL) or ina mixture of phosphate buffer 
(0.05 M, pH 7, 100 mL) and metiMnol at 25 °C. Sanq)les (3 mL) were taken after 5, 15 
and 60 minutes and mixed immediately with H2SO4 (48% (w/w). 0.03 mL). The reaction 
mixture was analyzed by HPLC or GC. Tte specific activity was determined. Tlie results 
15 are o;iveii in Table 2. 
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Table 2: Biotransformation of various nitriles to the corresponding amides using 
polyacryiamide beads containing cells of the genus Shodococcus containing a nitriie 
hydratase as &e biocatalyst. 



substrate 


product 


concentration 


ratio 


■ specinc 






substrate 


MeOH/ 


activity/ 






[mM] 


buffer 
[v/v] 


[pxnol/ 
(min X mg)] 


cyanainide 


urea * 


200 


0:1 


857 


cyanoacetic acid 


malonamic acid 


100 


0:1 


107 


malonodinitrile 


2-cyanoacctamide/ 
malonamide 


. 200 


0:1 


946 


cyanoacetic.acid . 
methyl ester 


malonic acid methyl 
ester 


!00 


0:1 

- 


340 


acrylonitrile 


acrylamide 


200 


0:1 


76 


butyronitrile 


butyramide 


200 


0:1 


1025 


valeronitrile 


valeramide . 


200 


1:9 


1708 


crotononitrile 


crotonamide 


200 


0:1 


1585 


methacrylonitrile 


methacrylamide 


200 


0:1 


■ • 591 


2-cyanopyridinc 


picolinamide 


9.6 


0:1 


24,6 


3-cyanopyridine 


nicotiziamide 


250 


0:1 


2320 


4-cyanopyridine 


isonicotinamide 


125 


0:1 


613 


benzonitriie 


benzamide 


50 


1:4 


276 


2-chlorobcnzonitrilc 


2-chlorobenzamide 


7.3 


1:4 


6.4 


4-chlorobenzonitrile 


4-chlorobenzamide 


7.2 


1:4 


42.6 . 


pyramecarbonitrile 


pyra2ine-2-carboxamide 


100 


1:4 


246 


pyra2ine-2,3- 
dicarbonitrile 


pyrazine-2,3- 
dicarbctamide 


7.7 


1:4 


0.52 


2-furoiiitrile ■ 


furian-2-carboxamide 


100 


1:4 


235 


thiaphene-2- 
carbonitrile 


thiophene-2- 
carboxamide 


9.2 


1:4 


73 


pivaloniirile 


2^-dimethyl- 
propionanude 


100 


1:4 


321 


cyclopropanecarbo- 
nitriie 


cyclopropane- 
carboxamide 


100 


•1:4 


562 
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Claims 

1 . A process for the prq3aration of polyacrylamide beads containing encapsulated cells 
comprising the steps of 
5 (i) providing an aqueous solution of a mixture of acrylic monomers, 

(ii) providing a suspension of cells in an aqueous solution of a persulfate 

(iii) ' providing an emulsion of an aqueous solution of a tertiary amine in an water- 

immiscible liquid, which liquid optionally contains a surfactant, 
. (iv) mixing the solution provided in step (i) and the suspension provided in step (ii) 
10 (v) adding the mixture obtained in step (iv) to the stirred emulsion provided in 

step (iii) 

(vi) polymerizing the mixture of acrylic monomers and simultaneously 

encapsulating the cells to form polyacrylamide beads containing encapsulated 
ceUs. 

15 • '• • 

2: The process of claim 1 wherein the polyacrylamide beads have a .size of 0.05 to 3 mm 
and a mechanical strength of at least 200 mN. 

3. Theprocessofclaim2whereinthepolyacrylanudebeadshaveasizeof0.1 to 
20 1.5 mm and a mechanical strength of at least. 300 mN. 

4. The process of any. of claims 1 to 3, wherein the ratio of dry cells/mixture of acrylic 
monomers is 0.001 : 1 to 1 : 1 (w/w). 

25 5. The process of any of claims 1 to 4, wherein the ratio of dry cells/mixture of acrylic 
monomersis0.2:l to- 0.9:1 (w/w). . 

6. The process of any of claims 1 to 5 wherein the cell is a bacterial cell 



30 7. 



the process of claim 6 wherein the cell is a cell of a bacterium of the group 
nocardiofomi Actinomyceies or of the family Enterobacteriaceae. 
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8. Tae process of any of claims 1 to7 wherein the tertiary amine is i\yVVV'^ -tetra- 
methylethylenediamine or 3-(dimethylamino)propiomtrile. 

9. The process of any of claims 1 to 8 wherein the water-immiscible liquid is a mineral 
5 oil. 

10. The process of any of claims 1 to 9 wherein no surfactant is used. 

1 1 . The process of any of claims 1 to 1 0 wherein the polyacrylamide beads fonned in 
10 step (vi) are separated. 

12. Polyacrylamide beads containing encapsulated cells obtainable by a process of any of 
claims 1 to 11. 

15 13. The polyacrylamide beads of claim 12 wherein the encapsulated cells are cells of a 
strain of the 'genus Rhodococcus containing a nitrile hydratase. 

. «» 

15. The use of the polyacrylamide beads of claims 12 or 13 as a biocatalyst.for the 
transfonnation of a substrate to a product 

• 20 * . . • . 

16. The use of claim 15 wherein the substrate is a nitrile and flie product is the 
corresponding amide. 

1 7. The use of claim 1 6 wherein the nitxile is 3-cyanopyridine and the product is 
25 nicotinamide. 
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Figure 1 
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Figure 2 
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